Cardiac Purkinje cells are important triggers of ventricular arrhythmias associated with heritable and acquired syndromes; however, the mechanisms responsible for this proarrhythmic behavior are incompletely understood. Here, through transcriptional profiling of genetically labeled cardiomyocytes, we identified expression of Purkinje cell protein-4 (Pcp4), a putative regulator of calmodulin and Ca 2+ /calmodulin-dependent kinase II (CaMKII) signaling, exclusively within the His-Purkinje network. Using Pcp4-null mice and acquired cardiomyopathy models, we determined that reduced expression of PCP4 is associated with CaMKII activation, abnormal electrophysiology, dysregulated intracellular calcium handling, and proarrhythmic behavior in isolated Purkinje cells. Pcp4-null mice also displayed profound autonomic dysregulation and arrhythmic behavior in vivo. Together, these results demonstrate that PCP4 regulates cardiac excitability through both Purkinje cell-autonomous and central mechanisms and identify this modulator of CaMKII signaling as a potential arrhythmia-susceptibility candidate.
Introduction
Cardiac Purkinje cells (PCs) have been implicated in the genesis of ventricular arrhythmias in a variety of inherited conditions, such as long QT syndrome (1) and catecholaminergic polymorphic ventricular tachycardia (2) , as well as acquired conditions, such as post-myocardial infarction (3) and dilated cardiomyopathy (4) (5) (6) . The mechanisms responsible for this proarrhythmic propensity are incompletely understood, but compared with working ventricular myocytes (VMs), differences in T-tubular density (7), relative abundance of L and T type calcium channels (8) , presence of IP 3 -sensitive Ca 2+ channels (9) , greater intracellular sodium load (10) , and the differential density of various repolarizing currents (11) , are all considered contributory factors underlying the unique action potential (AP) and calcium-handling characteristics of PCs (12, 13) . Triggered mechanisms have been proposed to underlie PC-related ventricular arrhythmias, and PCs have been found to be more susceptible to both early afterdepolarizations (EADs) and delayed afterdepolarizations (DADs) compared with working VMs (5, 14) . The increased susceptibility of PCs to EADs is thought to result from AP prolongation and reactivation of depolarizing ionic currents, while the increased susceptibility to DADs is attributed, in part, to dysregulation of calcium homeostasis (14) . However, the molecular basis for altered Purkinje electrophysiology and calcium homeostasis that predisposes to triggered activity remains incompletely elucidated.
With the goal of identifying novel regulators of PC electrophysiology that might lead to new targets for antiarrhythmic therapy, we performed a differential transcriptional screen of highly enriched populations of cardiac PCs and working ventricular cardiomyocytes.
We report the discovery of Purkinje cell protein-4 (PCP4), a small IQ motif-containing protein that regulates calmodulin-dependent signaling and arrhythmogenicity through a cell-autonomous mechanism within the Purkinje fiber network. In addition, we found that PCP4 regulates cardiac rhythmicity through modulation of autonomic tone. Thus, Pcp4 influences cardiac rhythmicity through both PC autonomous and central mechanisms.
Results
Expression of Pcp4 in the cardiac conduction system. To identify transcripts preferentially expressed in the Purkinje fiber network, dissociated cardiomyocytes from the ventricles of adult compound transgenic mice expressing PC (Cntn2-EGFP) and cardiomyocytespecific (α-MHC-Cre/ floxed tdTomato) reporter genes ( Figure 1A ) were subjected to FACS ( Figure 1B ) were isolated and transcriptional profiling performed. Gene ontology functional analysis and canonical pathway analysis revealed numerous differences between the 2 cell types (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI77495DS1). We identified marked enrichment of Pcp4 in the PC population ( Figure 1C) . PCP4, also known as PEP-19, is a small IQ motif-containing protein of the calpacitin family of proteins and a negative regulator of calmodulin and Ca 2+ /calmodulindependent kinase II-dependent (CaMKII-dependent) signaling in neurons (15) (16) (17) . Results were validated by reverse-transcription PCR (RT-PCR) ( Figure 1D ) and quantitative PCR (qPCR) ( Figure  1E ), which confirmed that Pcp4 was markedly enriched in PCs compared with VMs. Immunofluorescent staining of adult Cntn2-EGFP hearts demonstrated complete colocalization of PCP4 and EGFP in cardiomyocytes of the Purkinje fiber network (Figure 2A ). Triple staining of more proximal elements of the cardiac conduction system (CCS) for the pacemaker channel protein HCN4 demCardiac Purkinje cells are important triggers of ventricular arrhythmias associated with heritable and acquired syndromes; however, the mechanisms responsible for this proarrhythmic behavior are incompletely understood. Here, through transcriptional profiling of genetically labeled cardiomyocytes, we identified expression of Purkinje cell protein-4 (Pcp4), a putative regulator of calmodulin and Ca 2+ /calmodulin-dependent kinase II (CaMKII) signaling, exclusively within the His-Purkinje network. Using Pcp4-null mice and acquired cardiomyopathy models, we determined that reduced expression of PCP4 is associated with CaMKII activation, abnormal electrophysiology, dysregulated intracellular calcium handling, and proarrhythmic behavior in isolated Purkinje cells. Pcp4-null mice also displayed profound autonomic dysregulation and arrhythmic behavior in vivo. Together, these results demonstrate that PCP4 regulates cardiac excitability through both Purkinje cell-autonomous and central mechanisms and identify this modulator of CaMKII signaling as a potential arrhythmia-susceptibility candidate.
PCP4 modulates PC electrophysiology. CaMKII regulates multiple ionic currents and the activities of numerous proteins responsible for intracellular calcium homeostasis, and therefore loss of function of Pcp4 might be expected to modulate PC electrophysiology. To obtain an initial integrated measure of cardiac excitability, we used the whole-cell patch-clamp technique to record APs from adult WT and Pcp4-null PCs. Resting membrane potential and AP amplitude were no different between control and mutant PCs ( Figure 4A ). However, AP durations (APDs), determined at 50% (APD 50 ) and 90% (APD 90 ) repolarization, were both significantly prolonged in Pcp4-null PCs ( Figure 4A) . One of the principal targets of CaMKII implicated in APD prolongation is the pore-forming α subunit of the L-type Ca 2+ channel. Indeed, we found a significant increase in I Ca current density ( Figure 4B ) as well as a rightward shift in steady state inactivation ( Figure 4C ) in Pcp4-null PCs compared with WT controls. As predicted based upon the restricted pattern of PCP4 expression, no significant difference was seen in current density between mutant and control VMs (Supplemental Figure 3) .
To determine whether the abnormalities in I Ca in Pcp4-null PCs were mediated, either directly or indirectly, by dysregulated CaMKII activity, measurements of L-type Ca 2+ currents were performed after treatment with autocamide-2-related inhibitory peptide (AIP), a specific inhibitor of CaMKII. Differences in I Ca current density and steady state inactivation between mutant and WT PCs were abolished by AIP (Figure 4 , B and C).
CaMKII also regulates intracellular Ca 2+ cycling via phosphorylation of key proteins involved in the release and reuptake of Ca 2+ from the sarcoplasmic reticulum. Accordingly, we measured Ca 2+ transients in WT and Pcp4-null PCs and VMs by microfluorimetry. The exponential rate of decay of Ca 2+ transients (τ) was significantly prolonged in mutant PCs compared with WT PCs ( Figure  5 , A and B), especially at slow pacing trains, resulting in a marked exaggeration of the frequency-dependent acceleration of relaxation (FDAR) index (τ 5Hz /τ 0.5Hz ) in Pcp4-null PCs compared with WT PCs ( Figure 5C ). Consistent with this defect in Ca 2+ handling, we also observed a marked accumulation of intracellular Ca 2+ with repetitive stimulation in mutant PCs, particularly at faster pacing trains ( Figure 5D ). Again, no significant differences were observed onstrated abundant expression of PCP4 in the bundle of His, but virtually no expression in the atrioventricular node (AVN) ( Figure  2B ) or sinoatrial node (SAN) ( Figure 2C ). PCP4 also colocalized with CNTN2 in cardiac ganglia ( Figure 2D ). We also examined PCP4 expression in human ventricular myocardium, and as in the mouse heart, expression was restricted to the subendocardial Purkinje fiber network ( Figure 2E ).
PCP4 regulates CaMKII activity. The abundance of total CaMKII (tCaMKII) and its activity level as measured by threonine-287 phosphorylated CaMKII (pCaMKII) were assessed by quantitative immunofluorescence in Pcp4-null and control heart sections. In control hearts, the abundance of activated CaMKII was substantially increased in the Purkinje fiber network compared with immediately adjacent subendocardial working cardiomyocytes ( Figure  3A ). Additionally, a transmural gradient of activated CaMKII was observed within the working myocardium, with greater CaMKII activity in the midmyocardium compared with the subendocardial VMs ( Figure 3 , B and C). tCaMKII was also expressed in a gradient, with significantly less expression in the Purkinje fiber network compared with the working VMs of the midmyocardium (Figure 3 , B and C). This pattern of expression of tCaMKII was unaltered in Pcp4-null hearts. However, in keeping with PCP4's putative negative regulatory role, expression of activated pCaMKII was markedly increased in the Purkinje fiber network of Pcp4-null mice compared with controls ( Figure 3 , B and C). As predicted, based on the lack of PCP4 expression in VMs, this effect was specific for PCs and there was no effect of loss of function of Pcp4 on CaMKII activation in the working VM ( Figure 3C ). The CaMKII activation state was also assessed by evaluation of serine-2814 phosphorylation of the ryanodine receptor (RyR) (pSer2814-RyR), a CaMKII-dependent phosphorylation site. While no significant difference was seen in total RyR expression between PCs and VMs, greater abundance of pSer2814-RyR was observed in the Purkinje fiber network compared with working myocardium and in Pcp4-null PCs compared with WT PCs (Supplemental Figure 2) . Again, no differences were seen between VMs of either genotype (Supplemental Figure 2) . Taken together, these data indicate that constitutive activity of CaMKII is greater in PCs than in VMs and that loss of function of Pcp4 relieves the inhibition of CaMKII activity exclusively within PCs. evidence of structural remodeling and contractile deficits (Supplemental Table 1 ). Quantitative immunofluorescent staining of ventricular myocardium demonstrated substantial downregulation of PCP4 in the PCs of both disease models ( Figure 6 , A and C). Furthermore, consistent with the finding in Pcp4-null mice, downregulation of PCP4 was associated with significantly increased pCaMKII expression, both in PCs and the working myocardium ( Figure 6 , B and C). PCs isolated from diseased hearts developed many of the same functional abnormalities as those observed in Pcp4-null PCs, including prolongation of τ ( Figure 7A ) and exaggerated FDAR ( Figure 7B ), increased intracellular Ca 2+ accumulation ( Figure 7C ), and increased frequency of both EATs ( Figure  7D ) and DATs ( Figure 7E ). Taken together, these data support the hypothesis that PCP4 physiologically inhibits CaMKII activity in PCs and genetic loss of function or acquired downregulation of PCP4 relieves this inhibition, resulting in dysregulated intracellular Ca 2+ handling and proarrhythmic behavior. Cardiac arrhythmias in Pcp4-null mice. In order to examine the effect of Pcp4 deletion in vivo, ECGs and echocardiograms were performed on anesthetized Pcp4-null and WT mice, which revealed no significant differences in baseline electrocardiographic parameters, cardiac size, or contractility (Supplemental Tables 1  and 2 ). Given the aberrant intracellular Ca 2+ handling observed in the Pcp4-null mice, we examined the effects of further provoking PC Ca 2+ dynamics. Pharmacologic challenge of anesthetized WT mice with caffeine and epinephrine resulted in sinus tachycardia with rare premature ventricular complexes (PVCs) ( Figure 8A ). In contrast, mutant mice developed frequent PVCs (Figure 8, B Pcp4-null PCs are highly arrhythmogenic. In agreement with our previous studies (2), PCs displayed significantly more spontaneous Ca 2+ elevations (SCaEs) compared with VMs, including both early after-transients (EATs) ( Figure 5E ) and delayed after-transients (DATs) ( Figure 5F ). PCs from Pcp4-null mice demonstrated an even greater burden of SCaEs compared with WT controls. The difference in the frequency of EATs was most pronounced at slow pacing trains ( Figure 5E ), while the increased frequency of DATs was most pronounced at faster pacing trains ( Figure 5F ). Consistent with the absence of PCP4 expression outside of the His-Purkinje system, we observed no significant effect of genotype on SCaE frequency in VMs (Supplemental Figure 4D) .
Exposure of PCs to AIP normalized the prolonged time constant of relaxation ( Figure 5B) as well as the FDAR index ( Figure  5C ). CaMKII inhibition also blunted the accumulation of intracellular Ca 2+ in both WT and mutant PCs, with no significant difference in diastolic-free Ca 2+ after repetitive stimulation in either cell type ( Figure 5D ). Finally, in the presence of AIP, no EATs were observed in either WT or Pcp4-null PCs ( Figure 5E ) and the burden of DATs was dramatically reduced, such that there was no significant difference in frequency between WT and mutant PCs ( Figure 5F ).
PCP4 is downregulated in acquired disease models. To determine whether altered expression of PCP4 may play a mechanistic role in PC-dependent arrhythmic activity in acquired forms of heart disease, we employed 2 well-established disease models, i.e., phenylephrine (PE) infusion via osmotic mini-pump and transverse aortic constriction. Both stressors resulted in echocardiographic as the mechanism of death. To further investigate this potential autonomic dysregulation in Pcp4 mutant mice, continuous ambulatory ECG recordings were performed. While there were no significant differences in average heart rate or diurnal heart rate patterns ( Figure 9 , D and E), there was a marked increase in heart rate variability (HRV) in the mutant mice ( Figure 9 , E and F). These findings were most evident at night, when mice were active. Treatment with atropine resulted in complete normalization of HRV in Pcp4-null mice ( Figure 9 , G and H).
Discussion
The mechanisms responsible for the increased arrhythmogenic behavior of cardiac PCs are incompletely understood. In the present study, we report that PCP4, a small IQ motif-containing protein of the calpacitin family of proteins originally identified in cerebellar PCs, is preferentially expressed within the ventricular G), bidirectional ventricular tachycardia (Figure 8 , D and G, and Supplemental Figure 5A ), and aberrant ventricular conduction (Figure 8, E and G) . Unexpectedly, in all mutant mice, this surge of ventricular ectopy was followed by marked sinus arrhythmia, frequent sinus pauses ( Figure 9 , A and B) and first-degree and second-degree Mobitz type 1 heart block (Supplemental Figure  5B) . Moreover, while WT mice recovered uneventfully from anesthesia, all Pcp4-null mice died during withdrawal of anesthesia from sinus bradycardia that progressed to complete heart block and asystole ( Figure 9C ). Given the absence of detectable PCP4 in the SAN or AVN but its presence in cardiac autonomic ganglia, this response suggested that PCP4 might influence cardiac rhythmicity through modulation of autonomic tone. Indeed, administration of atropine with caffeine and epinephrine prevented periodic heart rate slowing and lethal bradycardic response in all mutant mice tested (Supplemental Figure 5C) , implicating a vagal surge imental strategies should begin to unravel the relevant transcriptional circuitry. Regardless of underlying mechanisms, genetically engineered models utilizing Pcp4 regulatory elements should be useful in examining ventricular conduction system development and function in health and disease. PCP4 binds calmodulin, increasing the Ca 2+ -binding rate constants of this calcium sensor by 50-fold. Calmodulin has been described as an ion channel subunit due to its ability to interact with and regulate the function of a number of important ion channels, including the LTCC, RyR, IP 3 -sensitive channels, and calcium-activated potassium channels (18) . By influencing the kinetics of calmodulin-Ca 2+ binding, PCP4 has the potential to affect cellular electrophysiology via modulation of calmodulin-mediated channel gating. In neurons, where PCP4 is best characterized, it also is thought to regulate cellular physiology through modulation of the Ca 2+ /calmodulin-dependent enzyme CaMKII (15-17). Given the accumulating evidence implicating dysregulated CCS, where it regulates cardiac PC electrophysiology and intracellular calcium handling in a CaMKII-dependent manner. Moreover, using genetic and acquired models of heart disease, we show that downregulation of PCP4 is associated with enhanced CaMKII activity in PCs, resulting in proarrhythmic behavior. Finally, we demonstrate that PCP4 regulates cardiac rhythmicity through modulation of autonomic tone.
We identified Pcp4 through comparative transcriptional profiling of ventricular cardiomyocytes using Cntn2-EGFP reporter mice. Among the conduction system markers we and others have previously described, including CCS-lacZ, Cx40, HCN4, minK, and Cntn2-EGFP, Pcp4 is unique to date in that expression within the cardiomyocyte lineage appears restricted to the ventricular conduction system, i.e., the His-Purkinje network, with no detectable expression more proximally in the SA or AV nodes. The mechanisms that facilitate this highly circumscribed expression pattern are unknown; however, a combination of in silico and direct exper- CaMKII activity in inherited and acquired forms of arrhythmogenic heart disease (19) as well as the recent identification of a number of calmodulin mutations associated with long QT syndromes, CPVT, and sudden death (20, 21) , PCP4 represented an especially attractive candidate as an important modulator of cardiac PC electrophysiology. CaMKII has profound effects on membrane excitability via regulation of many voltage-gated ion channels, resulting in prolongation of the AP and enhanced susceptibility to EADs (19, 22, 23) . Additionally, Ca 2+ -cycling proteins critical for the normal release and reuptake of Ca 2+ from the sarcoplasmic reticulum are targets of CaMKII. Pathological phosphorylation of these proteins by CaMKII favors cytosolic Ca 2+ excess, activation of the electrogenic Na + -Ca 2+ exchanger (NCX), and DAD formation (19, 24) . Indeed, we observed many of these cellular abnormalities in Pcp4-null PCs, and their amelioration by AIP implies a mechanistic role for CaMKII in the disease phenotype.
Surprisingly, the effect of PCP4 on cardiac rhythmicity appears quite complex and mediated by PC-autonomous as well as autonomically mediated effects. While Pcp4-null mice showed a greater burden of ventricular arrhythmias and aberrant ventricular conduction consistent with the proarrhythmic cellular remodeling seen in isolated cells, our telemetric recordings also suggested that PCP4 influences cardiac rhythmicity through a non-cell autonomous mechanism involving modulation of autonomic tone. Indeed, the most dramatic abnormality we observed was the lethal bradycardia seen during withdrawal of anesthesia after adrenergic challenge. Since no PCP4 expression was detected in the SA or AV node, this finding is not directly attributable to a cardiomyocyte-autonomous effect of PCP4, but instead, likely reflects loss of PCP4 in the autonomic nervous system. Consistent with this hypothesis, we detected robust expression of PCP4 in cardiac ganglia and a complete abrogation of lethality with vagal antagonism. Interestingly, CaMKII-dependent signaling has been implicated in synaptic plasticity in autonomic ganglia and the regulation of autonomic tone (25) . Lineage-restricted gene targeting will be required to formally distinguish PC-autonomous from autonomically mediated effects of PCP4 on cardiac rhythmicity.
Interestingly, PCP4 is reportedly downregulated in selected brain regions in a number of neurologic syndromes, including Parkinson disease (26) , Huntington disease (27) , and chronic alcoholism (28) . Moreover, a genetic mouse model of Huntington disease phenocopies the autonomic dysregulation seen in the Pcp4-null animals (29) . It is tantalizing to speculate that PCP4 downregulation may play a mechanistic role in the autonomic dysregulation observed in selected neurologic syndromes. In summary, we have identified PCP4 as a protein expressed in the Purkinje fiber network that regulates cellular electrophysiology and calcium homeostasis through inhibition of CaMKII activity. Downregulation of Pcp4 expression in disease states relieves this inhibition and promotes triggered activity and arrhythmic behavior. PCP4 is also found in cardiac ganglia, where it potently influences cardiac rhythmicity through modulation of autonomic tone. Thus, Pcp4 may represent a new arrhythmia-susceptibility gene, and preservation of PCP4 activity in disease states may diminish both Purkinje-triggered and vagallymediated arrhythmic behavior.
Methods
Mutant mice. Cntn2-EGFP BAC transgenic (2), α-MHC-Cre (30), floxed tdTomato (31), and Pcp4-null (32) mutant mice (provided by James Morgan, St. Jude Children's Research Hospital, Memphis, Tennessee, USA) have all been previously described. Cntn2-EGFP mice were maintained in a CD1 genetic background. Pcp4-null mice were maintained in a C57BL/6-129S hybrid background. For functional studies of PCs, Pcp4-null mice were bred into the Cntn2-EGFP background. All functional studies were performed on male mice from from endocardium. Additionally, specific regions for PCs (10-40 μm from endocardium), subendocardial VMs (75-125 μm from endocardium), and midmyocardial ventricular myocyates (250-300 μm from endocardium) were defined, and after exclusion of intercellular spaces, average pixel intensity for each region was determined. Images were obtained from a minimum of 25 sections from at least 3 hearts from each genotype or treatment group. Calcium imaging and voltage measurements. Adult myocytes were isolated using enzymatic digestion, and intracellular Ca 2+ imaging was performed using X-Rhod 1 dye (2.5 μM) and a microfluorimetry system (IonOptix Corp.) as previously described (2) . The SCaEs were defined as unstimulated increases in intracellular Ca
2+
. Delayed aftertransients were quantified during the 10-second unpaced interval following the 10-second pacing train. For CaMKII inhibitor experiments, cell-permeable AIP (1 μmol/l; Calbiochem) was loaded into cells for a minimum of 1 hour prior to functional experiments. Adult ventricular cardiomyocyte APs were obtained with whole-cell current clamp mode. The recording pipette solution contained the following: 135 mM KCl, 1 mM MgCl 2 , 10 mM EGTA, 10 mM HEPES, and 5 mM glucose, pH 7.2, with KOH. The bath solution contained the following: 136 mM NaCl, 4 mM KCl, 1 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose, pH 7.4, with NaOH. A brief current pulse (up to 3 ms duration) at approximately twice the voltage threshold for excitation was used to evoke APs at a cycle length of 1 s (1 Hz). APD 50 and APD 90 repolarization were measured using Clampfit version 10.0. For calcium current experiments, the recording pipette solution contained the following: 120 mM CsCl, 20 mM TEACl, 1 mM MgCl 2 , 10 mM EGTA, 10 mM HEPES, 5 mM Mg-ATP, 0.2 mM Na 2 -GTP (pH adjusted to 7.2 with CsOH). The bath solution contained the following: 137.7 mM NaCl, 5.4 mM CsCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM HEPES, and 2 mM4-aminopyridine (pH adjusted to 7.4 with NaOH). The resistances of the electrodes were maintained between 2 and 4 mega-ohms. The following pulse protocols were used to generate current-voltage relationship and steady state inactivation curves.
F2-4 crosses between the 2 strains and used at 8 to 16 weeks of age. To minimize experimental variability, data from VMs and PCs from the same preparation were always collected on the same day.
Gene transcriptional profiling and RT-PCR. Cardiac cells were dissociated from adult hearts via Langendorff perfusion and enzymatic digestion as previously described (2) and sorted by FACS (Beckman Coulter MoFlo). RNA was isolated from sorted cell populations using the PicoPure RNA Isolation Kit (Arcturus). Isolated RNA was amplified using the Ovation Pico WTA System V2 (Nugen), and transcriptional profiling was performed using Mouse Genome 430 2.0 Array (Affymetrix). All original microarray data were deposited in the NCBI's Gene Expression Omnibus (GEO GSE60987). Data analysis was performed using robust multi-array average (RMA) followed by linear models for microarray data (LIMMA) to identify differentially expressed transcripts with a false discovery rate (FDR) of 0.05. PCR was performed on amplified cDNA using the Quantitect SYBR Green PCR Kit (QIAGEN).
Immunohistochemistry. Hearts were excised from animals anesthetized with ketamine (120 mg per kg body weight i.p.) and xylaxine (10 mg per kg body weight i.p.). Excised hearts were fixed overnight in 4% paraformaldehyde and cryosections prepared and stained as previously described (13) . Immunostaining of cryosections from cadaveric fetal human tissues fixed in 10% neutral buffered formalin was performed. Primary antibodies were directed against PCP4 (1:500; provided by James Morgan), HCN4 (1:100, AB5808; Millipore), tyrosine hydroxylase (1:100, AB152; Millipore), contactin 2 (1:40, AF4439; R&D Systems), CaMKII (1:50, ab22609; Abcam;), pCaMKII (1:500, ab32678; Abcam), RyR2 (1:100, AB9080; Millipore), pSer2814-RyR2 (1:100, A010-31; Badrilla), and troponin T (1:100, MS-295; Thermo) and visualized by epifluorescence (Zeiss) or confocal (Leica) microscopy. Quantitation of immunofluorescence was performed using ImageJ (http://imagej.nih.gov/ij/). Multiple plot profiles of pixel intensity generated from transmural sections were averaged in order to quantify intensity as a function of distance FujiFilm VisualSonics Inc.). Telemetric ECGs were performed as previously described (37) . HRV was assessed from 24-hour telemetric recordings in conscious mice as previously described (38) . HRV and arrhythmia assessment were performed both before and within the 30-minute interval after administration of atropine (1 mg per kg body weight i.p.) or caffeine (120 mg per kg body weight i.p.) and epinephrine (2 mg per kg body weight i.p.). A subset of anesthetized mice (n = 3) that were given caffeine and epinephrine were administered atropine 5 minutes prior to recovery from anesthesia. Statistics. AP characteristics, calcium currents, calcium transient parameters, the proportion of cells from a given heart displaying SCaEs, and immunofluorescent intensity were compared using Sidak 1-way ANOVA. P < 0.05 was considered significant.
Study approval. All experiments were performed according to protocols approved by the NYU School of Medicine Institutional Animal Care and Use Committee and conformed to the NIH guidelines for the care and use of laboratory animals. Protocols for studies
The activation pulse protocol was as follows: holding potential -50 mV, a brief pulse to -30 mV for 30 ms to inactivate any Na current, then pulse to testing potential from -40 mV to +40 mV for 300 ms, with a 10-mV increment. The inactivation pulse protocol was as follows: with a series of holding potential from -60 mV to 15 mV for 1 s, with a 5-mV increment, then briefly prepulsed to -30 mV for 30 ms, then stepped to 0 mV.
Animal models. Cardiac disease was induced in mice with (a) transverse aortic constriction as previously described (33) for 6 weeks; or (b) PE (100 mg/kg body weight/d) delivered via s.c. osmotic minipump (Alzet) as previously described (34) for 1 week. For all immunohistochemistry experiments, WT C57BL/6 mice were used. For all functional studies, WT littermates of Pcp4-null animals bred into the Cntn2-EGFP background were used.
ECG monitoring, echocardiography, and drug testing. ECGs on anesthetized mice were performed as previously described (35) . Echocardiograms were performed as previously described (36) (Vevo; ful to James I. Morgan for providing the Pcp4-null mouse line and the PCP4 antiserum. of cadaveric fetal human tissues were approved by the NYU Institutional Review Board.
